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Abstract Human dental hard tissues are dentine, cementum, and enamel. These
are hydrated mineralised composite tissues with a hierarchical structure and ver-
satile thermo-mechanical properties. The hierarchical structure of dentine and
enamel was imaged by transmission electron microscopy (TEM) of samples pre-
pared by focused ion beam (FIB) milling. High resolution TEM was carried out
in the vicinity of a crack tip in dentine. An intricate “random weave” pattern
of hydroxyapatile crystallites was observed and this provided a possible expla-
nation for toughening of the mineralized dentine tissue at the nano-scale. The
results reported here provide the basis for improved understanding of the rela-
tionship between the multi-scale nature and the mechanical properties of hierar-
chically structured biomaterials, and will also be useful for the development of
better prosthetic and dental restorative materials.
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Human dental tissues are nano-structured, hierarchical materials that combine organic and
mineral phases in an intricate way to obtain a remarkable combination of mechanical strength,
thermal endurance, wear resistance, and chemical stability. The multi-level composite structure
is illustrated in Fig. 1. The mineral hydroxyapatite (HAp) crystallites glued together by organic
matter are the main structural feature both in dentine and enamel at the nano-scale, as well as
the dentinal tubules. The stacking arrangements of enamel “keyhole”-shaped rods are, however,
distinct at the micro-scale. Knowledge of these ultrastructural features (in the enamel, dentine,
and their interface, the dentine-enamel junction (DEJ)) is important for understanding the natural
properties of the tissues and the mechanisms by which these load-bearing tissues contribute to
the life-long success of human teeth. Such understanding should help identifying the factors that
affect the performance of dental tissues, such as disease, treatment, environment, and thermal
exposure. It should be also advantageous for the development of biomimetic materials and their
artiﬁcial replacements, e.g., dental restorations.1
Interesting results pertaining to the structural and thermo-mechanical properties of human
dental tissues have been obtained by a range of techniques, with particular reliance on synchrotron
X-ray scattering and imaging techniques, as well as microscopy techniques.2–7 Further studies of
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Fig. 1. Multiple microscopic observations of hierarchical structure of human dental tissues.1
dentine, enamel, and DEJ should be carried out at ultra-high spatial resolutions in order to reveal
details on the deformation and load transfer mechanisms operating in the human tooth. Direct
visualization of the internal architecture of these materials is a challenging task that can not be
readily accomplished by any single conventional microscopy method, and requires a combination
of techniques. Here we present some recent results that rely on combining spatially selective (at
the micro-scale) focused ion beam (FIB) milling of regions of human teeth to extract lamellae for
transmission electron microscopy (TEM) nano-scale imaging.
FIB instruments have revolutionized the way in which biological samples can be investigated,
by providing access to judiciously located extraction of high quality TEM samples. The “lift-out”
was carried out using LYRA3 XM (Tescan-UK Ltd.) instrument in the multi-beam laboratory
for engineering microscopy (MBLEM) located in the Solid Mechanics and Materials Engineering
group, Department of Engineering Science, University of Oxford.8 The region of interest that
incorporated the DEJ was ﬁrst examined using FIB scanning electron microscope (FIB-SEM)
microscopy. FIB-deposited platinum was essential as protection for the sample surfaces during
FIB milling. Following a series of rough milling and ﬁne surface polishing steps, a lamella (100–
200 nm thick) is obtained. Finally, a nano-manipulator needle is used to attach, lift-out and re-
attach the lamella onto a TEM copper grid, to be imaged under the TEM.
This micrcoscopy modality enables imaging the internal sample structure at signiﬁcantly
higher resolution than, for example, SEM. A tightly focused beam of electrons is transmitted
through the ultra-thin specimen, and bright-ﬁeld or dark-ﬁeld detection is used to form a raster
image.9 There are two primary reasons for the resolution improvement. Firstly, the small sample
thickness avoids the “spreading out” phenomenon that affects the electrons entering the sam-
ple surface and resulting in a typical “mushroom” pattern formed below the surface in the SEM
mode. Secondly, the electron beam energies used in TEM are typically higher than in SEM, lead-
ing to shorter de Broglie wavelengths. In order to investigate the arrangement of HAp crystallites
around the crack in dentine and enamel at the nano-structural level, TEM imaging was applied
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using JEOL JEM-2100 TEM instrument.
The crack initiated in the enamel region, traversed the DEJ and reached deep regions in dentine
where its growth stopped, as shown in Fig. 2(a). The medium resolution TEM image offers direct
evidence of the structural difference between dentine and enamel. In detail, the HAp crystallites
in dentine decorate the ﬁbrils in a “necklace” arrangement, forming a “random weave” structure
of ﬁbrils and crystallites around nano-voids. As a consequence, HAp crystallites in dentine have
a rather low degree of alignment. In contrast in the enamel, although the HAp crystallites are
still partially (incompletely) aligned within each rod (particularly due to the continuous orienta-
tion change within the sampling volume), the degree of alignment is rather high compared with
dentine.
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Fig. 2. TEM observation of (a) crack and HAp crystallites in human (b) enamel and (c) dentine.
The ultra-thin layer of HAp crystallites near the crack enables the electron beam to pass
through. Therefore, the high resolution crystal structure at nano-scale as well as atomic level
both in enamel and dentine could be collected and are shown in Figs. 2(b) and 2(c) respectively.
The structural difference at nano-scale mostly lies in the porous structure around a few nanome-
ters that exists in the HAp crystallites in enamel, whereas, no porous structure could be observed
in HAp crystallites in dentine (Fig. 2(c)). The intercrystalline pores in enamel may serve as a
molecular sieve.10 More uniform atomic structure distribution in enamel than that of dentine were
also observed from their reciprocal space signature characterized by synchrotron X-ray scattering
techniques.
Fracture characterisation of both structural and functional materials is very important for un-
derstanding their performance. Numerous fracture studies on human dentine at micro-scale have
been carried out, indicating that the micro-cracking, crack bridging, and un-cracked ligaments
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Fig. 3. TEM observation of crack tip in human dentine.
formed by collagen ﬁbrils are the primary mechanisms that contribute to toughening in dentine
and bone.11,12 However, direct nano-scale observation around the crack tip has not been reported
in human dentine. The crack tip (marked in dashed circle) was ﬁrstly identiﬁed as shown in Fig. 3
(the higher magniﬁcation shown in Fig. 3(b)). The “cross-over” distribution of HAp crystallites
is quite visible near the crack tip, which indicates that this speciﬁc distribution could be used to
explain the toughening mechanism at nano-scale, distinct from the mechanisms at micro-scale.
In sum, high resolution structural information is attainable from FIB-prepared TEM samples,
to give a direct insight into the structure-function relationships at this level of tissue hierarchy.
The capability of observing the internal architecture of the complex, hierarchically structured
tissue, and cracks at the nano-scale has potentially signiﬁcant clinical relevance and may permit
the creation of improved biomimetic designs.
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